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The ). These can be readily incorporated into a finite element 10 structural analysis program as 'macro elements' as they are written directly in terms of force 11 resultants and displacements about the spudcan's load reference point (LRP, Figure 1 ). This 12 avoids any complex discretization of the soil. Such integrated foundation-structure analyses 13 of mobile jack-up platforms can be found, amongst others, in Thompson (1996) The majority of force-resultant models have been based on single surface displacement-17 hardening plasticity theory. These have four components: 18 (i) a yield surface written directly in VHM load space; 19
(ii) a hardening law that establishes the yield surface size as a function of the 1 plastic vertical footing displacement (w p ); 2 (iii) an elastic matrix for describing any increment of load within the yield surface; 3 and 4 (iv) a flow rule to describe the elasto-plastic displacements during incremental 5 expansion and contraction of the yield surface. 6
The current state-of-the-art model for predicting spudcan load-displacement behaviour in clay 7 was developed by Houlsby (2000, 2001 ) and based on a series of 1 g laboratory 8 tests in over-consolidated clay. No significant backflow was present in the tests even at 9 relative large embedment depth of 1.6 footing diameters. Therefore, the model's yield surface 10 only accounts for the contribution from the underside of the spudcan. However, in soft clays 11 and at realistic field stress conditions, soil has been shown to encase the spudcan by flowing 12 around the penetrating footing (Hossain et is because soil undergoes significant displacement and remoulding during the spudcan 5 installation. The effect of this was not considered in the numerical studies and the capacity is 6 likely to have been overestimated. 7
8
The purpose of the research described in this paper was to i) experimentally measure the 9 combined bearing capacity of a buried spudcan in soft clay and to ii) develop a force resultant 10 foundation model that is appropriate for spudcan foundations in soft clay. Solutions for the 11 relevant elastic behaviour have already been published (Zhang et al. 2012b ) and these are 12 used here. Further, a method to predict the vertical capacity in soft clay has been proposed by 13 Hossain and Randolph (2009a; 2009b) based on combined numerical and experimental 14 investigations and this forms the basis of the hardening law. However, a dedicated 15 geotechnical centrifuge test programme was required to investigate the remaining 16 components of (a) the yield surface in VHM space at various depths of embedment and (b) an 17 appropriate flow rule. The centrifuge experiments reveal that the backflow considerably 18 increases the footing's combined bearing capacity as compared to previous 1 g experiments 19 results without backflow. The magnitude is, however, less than that predicted by the wished 20 in place numerical analyses and, concerningly, as is recommended by the ISO guidelines. 21
APPARATUS 1
The tests were performed with a combined VHM loading apparatus developed recently for the 2 geotechnical drum centrifuge at the University of Western Australia (UWA) (Zhang et al. 3 2013 ). The apparatus features independent displacement control of a model's in-plane 4 vertical, horizontal and rotational degrees-of-freedom. Therefore, any combination of 5 displacements can be prescribed to the model about its LRP. Figure 2 shows the assembly of 6 the VHM loading apparatus with the model spudcan and loading arm attached. For the 7 experiments described in this paper the model spudcan was 60 mm in diameter (D), 8 corresponding to 12 m in prototype at the enhanced 200 g gravity level used in the tests. The 9 loading arm consisted of a strain-gauged inner arm (used to measure the V, H and M forces 10 acting solely on the spudcan and reported here at the LRP) and a stiff outer shield (that 11 isolated the combined loads on the loading arm). A more detailed description of the spudcan, 
SOIL SAMPLE 1
The tests were performed in normally consolidated (NC) UWA kaolin clay (with properties 2 provided by Stewart 1992) . To prepare the soil sample, the kaolin powder was mixed at 3 120% water content (twice the liquid limit) under vacuum and consolidated under self-weight 4 in the centrifuge at 200 g. 5
6
The soil was characterised by in flight miniature T-bar penetrometer tests (Stewart and 7 Randolph 1994 ). In each T-bar test, cycles of penetration and extraction over a depth of 8 20 mm (4 times the T-bar diameter) were performed until the penetration/extraction 9 resistance did not change with further cycles (i.e. fully remoulded). Such a cyclic event is 10 illustrated in Figure 3 for one test, whereas only the initial penetration is shown for the 11 remaining tests. The undrained shear strength (s u ) was derived using a typical T-bar factor of 12 respectively, of the spudcan at three embedment depths, 0.7D, 1.0D and 1.45D. In addition, 8 two pure vertical penetration-extraction tests were performed. Table 1 and Table 2 summarise  9 the swipe and radial displacement testing programmes respectively. 10
11

Swipe tests 12
In a usual swipe test, the footing is first penetrated to a prescribed vertical depth. This with the assumed load paths schematically illustrated in Figure 6 (noting that in a radial 8 displacement test the displacements are prescribed and the loads measured). The load paths 9
represented by solid lines in the figure will be achieved by the application of radial 10 displacements immediately after purely vertical penetration of the footing to a pre-selected 11 depth. Plasticity theory implies that the load path starts from pure vertical load and expands 12 the yield surface as the test proceeds. However, if the spudcan is unloaded elastically to 13 around zero vertical load following the initial pure vertical penetration before radial 14 displacements are applied, the load path will increase linearly to the yield surface 15 (corresponding to the maximum previously experienced w p ) before expanding the yield 16 surface from that point on. These load paths are indicated in the figure by the dashed lines. 17 soil in the vicinity of the spudcan, which is more important on the footing behaviour, will 1 have even less time to consolidate. 2 3 As described above, in the swipes or radial displacements tests, lateral and (or) rotational 4 movement were immediately applied after the vertical event (penetration, and unloading for 5 certain tests), this was to ensure that the backflow material does not have the chance to 6 consolidate. 7 8 From the above discussions, the test procedures taken in this program ensures that the 9 foundation behaviour measured in the centrifuge tests reflects the behaviour of the spudcan 10 immediate after preloading in the field. Although the regaining of the soil strength with time 11 is possible, it was considered conservative to neglect the time effects in design. 12 13 Swipe movement Velocities Hardening law 4
The model assumes that the yield surface expands with the plastic vertical displacement of 5 the spudcan (w p ). As the yield surface will be expressed as a function of the pure vertical 6 capacity, an accurate description of the vertical capacity of the spudcan at a given plastic 7 embedment depth is required. 8 9 For an embedded spudcan buried in backflow soil, the total vertical capacity for the footing to 1 resist compressive external load is: 2
where V 0 represents the compressive vertical bearing capacity provided by the soil and F b 4 represents the buoyancy force on the spudcan. V 0 and F b are calculated as: 5
where s u0 is the undrained shear strength at the current plastic embedment depth, N c is the 8 vertical bearing capacity factor, A is the bearing area of the footing, γ is the effective unit 9 weight of the soil and Vol is the volume of soil displaced by the footing. 10
11
The total capacity for the spudcan to resist external tensile load is 12
where V T is tensile capacity provided by the soil cohesive strength. Its ratio to the 14 corresponding compressive capacity (V T /V 0 ) is denoted as χ, which will be shown useful 15 when defining the yield surface. 16 
17
In all tests, backflow was observed immediately after the spudcan LRP (Figure 1) penetrated  18 past the soil surface. This is a result of very low s u (~ zero) at the NC soil sample surface. 19 Figure 7 shows (i) the penetration-extraction response of the two vertical tests and (ii) the 20 initial penetration of all 11 swipes that were performed at a depth of around 1.45D (~87mm). 21
The resistance (V) is the measured vertical capacity corrected for the buoyancy and shaft 22 effect (unequal areas below and above the spudcan due to existence of the shaft, similar to 23 correction needed for a CPT test (Randolph et al. 2007) ). Therefore, it represents the net 24 capacity provided by the cohesive strength of the soil (i.e. V 0 in penetration and V T in 1 extraction). 2
3
The pure vertical tests show that a peak tensile capacity of about 60% of the compressive 4 capacity (χ ≈ 0.6) is mobilised at an extraction of ~10% of the spudcan diameter (i.e. 6 mm in 5 model scale). Upon the vertical movement reversal, the load-displacement response is 6 approximately linear, indicating elastic behaviour. However, once the net vertical load 7 becomes tensile, the stiffness begins to degrade and reaches zero as the peak tensile load is 8 mobilised. Clearly this mobilisation process is elasto-plastic. Based on the vertical tests, 9
swipes (results of which will be presented later) commencing from the peak tensile vertical 10 load were performed after an extraction of 6 mm; whilst those commencing from 11 intermediate tensile vertical load (60-70% of the peak) tests were performed following 2. However, a similar shape is maintained. This illustrates nicely that the size of the yield 6 surface expands as the current plastic penetration (w p ) increases and that a simple hardening 7 law can be assumed. By using Eq. 8, the load path of a swipe test in the VHM space is simplified to a path in the 14 VQ plane. Least squares regression analysis was performed for each complete set of 15 compressive swipe tests at different depths. As the pure vertical tests indicate a tensile 16 capacity ratio of 0.6, and indeed the best-fit χ values found by optimisation are around 0.6 17 (Zhang et al. 2013) , the χ value is held at 0.6 for simplicity. Table 3 To further illustrate the fit, the load paths of swipe tests performed from peak compressive 13 and peak tensile vertical loads at 1.45D are projected onto the HM plane in Figure 12a This study are representative of a spudcan shaped footing buried in backflow soil and provide for a 1 range of linearly changing shear modulus profiles. The methodology followed several 2 numerical studies defining the elastic stiffness of a footing under combined VHM loading 3 (Bell 1991; Ngo-Tran 1996) . Table 4 lists the representative stiffness coefficients relevant for 4 the spudcan for the experimental soil conditions at different depths. 5 For interpretation of the radial tests results and in the retrospective simulations reported in 8 this paper, the rigidity index I r = G/s u0 was evaluated based on the unload-reload stiffness 9 observed in the vertical tests (and by using the dimensionless elastic stiffness coefficient 10 reported in Zhang et al. (2012b) according to Eq. 10). An average value of I r = 50 was found 11 to fit the experimental data well. 12 
13
Flow rule 14
The flow rule dictates the direction of plastic flow during an elasto-plastic increment. In this 15 model, a plastic potential surface with a similar form to the yield surface is proposed: 16 In the VH and VM planes, radial displacement tests were performed to evaluate the flow rule. 6 Figure 17 presents the load paths of four radial tests (R8, R9, R12 and R13 in Table 2) In Figure 18 , the plastic displacements of the radial displacement tests performed at both 10 depths of 0.7D and 1.45D are compared with prediction of Eq. 14, which clearly shows that 11 the associated flow does not describe the experimental data satisfactorily (Note R5, R6, R7, 12 R10 and R11 are not shown for 1.45D for clarity, though the comparison is similar). 13
14
Based on the plastic potential surface of Eq. 13, least squares regression was performed to 15 find the optimal set of parameters to describe the radial displacement test data. Figure 22 shows the simulation of radial test R6, in which the spudcan was displaced at a 2 fixed ratio of u/w =1 after the vertical load was unloaded elastically to approximately zero. 3 The model predicts that the loads on the spudcan will increase linearly (purely elastic 4 behaviour) until reaching the yield surface established during the initial vertical penetration. 5
The loads on the spudcan then move quickly along the expanding yield surface and finally 6 "find" the location where the theoretical plastic displacement ratio matches the prescribed 7 (after the small fraction of elastic components is deducted). However, the experimental load These tests confirmed that soil backflow (i) increases the size of the bearing capacity surface 7 and (ii) provides significant bearing capacity under tensile vertical load. The size of the 8 surface also increases with embedment depth. However, the magnitude of bearing capacity 9 enhancement due to the backflow is less than the recommendations by the current ISO 10 guidelines. 11
12
Although the ISO guidelines allow for advanced force resultant modelling in a jack-up 13 assessment, no guidance on how to achieve this is provided. Therefore, the test results 14 The model predicts the general foundation behaviour well and is appropriate for predicting 9 the pushover capacity of a mobile jack-up during a site-specific assessment analysis. Options 10 for model improvement have been highlighted, though these will increase model complexity. 11
The model has been developed from monotonic loading experiments and further 12 developments are required for the model to capture the response to cyclic loading. TABLE CAPTIONS  1   Table 1 . Summary of the swipe testing programme followed 2 Table 2 . Summary of the radial displacement testing programme followed 3 Table 3 . Summary of best-fit parameters 4 Table 4 
